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Abstract. Composite silica films containing metal nanoclusters were prepared by the rf- sputtering tech-
nique, in which SiO2 was co-deposited with gold+copper, gold+silver, or copper-+silver. The formation
of either pure or alloy clusters was studied by extended X-ray absorption fine structure spectroscopy and
transmission electron microscopy. For all systems, the presence of alloy aggregates was evidenced. Moreover,
small amounts of pure metal aggregates as well as dispersed or oxidized dopants were observed.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc. — 81.05.Pj Glass-based

composites, vitroceramics

1 Introduction

Silica-based composite materials containing metal nan-
oclusters are attractive since they are expected to exhibit
features that can be exploited in integrated-optical de-
vices [1], owing to their transparency in the optical fibers
transmission window. The possibility of obtaining pre-
scribed material features by tailoring the clusters struc-
ture in terms of composition and size distribution has
motivated the investigation of various preparation
methodologies for these composites. Sputtering deposi-
tion technique is particularly suitable for co-depositing
the matrix together with more than one dopant element,
so possibly creating core-shell or alloy aggregates [2-5].
Moreover, by sputtering deposition one can prepare ho-
mogeneous films several microns thick, so operating in
the field of light waveguiding structures. In order to ob-
tain a complete information on the structure of the com-
posite systems, extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy and transmission electron
microscopy (TEM) analysis were performed. In particu-
lar, EXAFS spectroscopy has been demonstrated to be
very suitable for investigating metal nanocluster compos-
ite glasses [6-8], especially when cluster of binary alloys
may have formed for which the lattice parameters of the
two single pure metals are similar, as for Au and Ag.
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2 Experimental procedure

The deposition of the samples was performed by means of
a radio frequency sputtering apparatus. The residual pres-
sure, before deposition, was about 2 x 107 mbar. The
substrates used in each deposition run were silica slabs
(25 x 75 mm? size). During deposition the substrates were
not heated. The sputtering was carried out for 3 hours
with an ultra pure Ar gas at a pressure of 7 x 10~3 mbar.
The applied rf power was 150 W with a reflected power
of 18 W. The deposition was carried out by putting on
the target disk of silica (100 mm diameter) some pieces of
the different couples of metals (Au-Cu, Au-Ag, Cu-Ag).
After the deposition, the samples were heat-treated in air
for 1 hour at 250 °C in order to remove defects; low tem-
perature was chosen to prevent the cluster formation and
aggregation (at 250 °C, the grown of Ag cluster was not
observed [2]). In the following, samples are labeled AuCu,
AuAg and CuAg. In this paper we also show the effect of
an annealing in air at 700 °C for the sample containing
Au and Cu (sample labeled AuCu-h).

EXAFS measurements were performed at the Eu-
ropean Synchrotron Radiation Facility (ESRF) on the
Italian beamline GILDA, with a bending magnet device
source. The sagittally focusing monochromator, used in
the so-called dynamical focusing mode [9], was equipped
with two Si(311) crystals. The flux on the sample was of
the order of 1 x 10'? photons s~!. Spectra were recorded in
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fluorescence mode, at liquid nitrogen temperature, at the
Cu and Ag K-edges and at the Au LIlI-edge. The signal
collection was achieved by a high-purity 13-element Ge
detector, keeping the total count rate per single element
below 2 x 10% cps, to assure linear response. Reference
spectra were also collected at 77 K in transmission mode
for Cu, Ag and Au foils.

Transmission electron microscopy (TEM) characteri-
zation was performed with a Philips CM30 microscope
operating at 300 kV, equipped with an EDAX energy-
dispersive X-ray spectrometer (EDS) at the CNR-LAMEL
Institute in Bologna. The samples for electron microscopy
were prepared in cross section. To prevent sample dam-
age and artifacts induced by temperature rise during ion
milling, the specimens were cryogenically cooled at liquid
nitrogen temperature. For localized EDS measurement on
a single cluster a nanoprobe of nominal 8 nm FWHM was
used.

3 Results and discussion

After deposition and annealing, nanocluster formation was
evidenced for all systems by transmission electron mi-
croscopy. The thickness of the deposited films were ob-
tained from TEM cross-sectional bright-field image, vary-
ing from 3 to 3.7 pum.

EXAFS data analysis was performed by Fourier fil-
tering and multiparameter fit of first coordination shell
in R-space; theoretical scattering amplitudes and phases
were generated using the FEFFS8 code [10] in the hypoth-
esis of an fcc solid solution of binary alloy of AuAg, CuAg
and AuCu for the respective samples. Fitting procedure
was performed at the same time for both dopant edges.
For any couple of different metals, the same intermetal-
lic distance and Debye-Waller factor were supposed. The
multi-electron amplitude reduction factor S3 in standard
EXAFS formula was fixed to the value obtained from the
correspondent metal spectrum measured at the same edge.
The values of S parameters, calculated from a first shell
fit of the metal standard spectrum, are 0.9 for both Cu
and Ag cores and 1.1 for Au core. For CuAg and AuAg
samples, a refinement of the fitting procedure was per-
formed, considering a non Gaussian distribution of inter-
atomic distances [11,12]. In the analysis of these two sam-
ples, it was necessary to introduce the third cumulant Cs
since the Gaussian model lead to unphysical low values
of bond lengths, following an approach already used for
similar systems like bulk AuNi [13].

Figure 1 shows the EXAFS spectra of the samples to-
gether with the signals from pure Au, Cu and Ag foils
measured in transmission mode. Figure 2a, b, ¢ shows the
moduli of Fourier transform at the three edges for the
samples and for the corresponding metal standard. For
all samples, the peak located at about 2.3 A corresponds
to an intermetallic correlation. Moreover, the signal fea-
tures of the spectra and the corresponding metal stan-
dards indicate that most of the nanocrystals are made of
both the metal dopants. The experimental data for the
sputtered films are shown together with the respective fit.
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Fig. 1. EXAFS spectra of the examined samples (in brack-
ets the respective edge), together with spectra for pure metal
standard foils (different scales).
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Fig. 2. Moduli of Fourier transform of EXAFS spectra (dots:
experimental, solid line: fit), compared with the respective
standard spectrum at (a): Cu K-edge, (b): Au LIII-edge, (c):
Ag K-edge. EXAFS spectra are either k2- or k3-weighted, and
transformed in the 2.5-12 A~! k- range.
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Table 1. Results of the EXAFS analysis: interatomic distance R, coordination number N, Debye-Waller factor o2 and third
cumulant Cs values are shown. For the standard metallic foils, the values of R and N are taken from reference [15], while the
Debye-Waller values come from fit results.

sample edge elements R N o? Cs
(A) (1073 A?%) (107* A?%)
Cu K 2.5561 12 4 -
Au Linr 2.8837 12 4 -
Ag K 2.8894 12 4 -
Cu K Cu-Cu 2.46 +0.02 1+1 14+2 -
AuCu Cu-Au 2.55 £0.02 4+1 14+2 -
Au Lint Au-Cu 2.55 +0.02 5+1 14+2 -
Cu-O 1.91 £ 0.02 0.8+ 0.6 3+6 -
AuCu-h Cu K Cu-Cu 2.54 +0.02 0.8+ 0.6 6+5 -
Cu-Au 2.64 +0.02 441 16 +2 -
Au Lint Au-Cu 2.64 +0.02 6+1 16 +2 -
Cu K Cu-Cu 2.51 +0.04 9+3 16t+4 11+10
CuAg Cu-Ag 2.70 +0.04 1.5+0.5 4+2 11+4
Ag K Ag-Cu 2.70 +0.04 2.0+0.6 4+2 11+4
Ag-Ag 2.87+0.14 3+5 17+£19 -
Au L Au-Au 2.74 +£0.04 6+2 124+ 3 18+ 7
AuAg Au-Ag 2.93 +0.13 1.4+04 10+9 75+ 6
Ag K Ag-Au 2.93 +£0.13 2+3 10+9 414+19
Ag-Ag 2.81 4 0.10 3+2 1143 -

Experimental data are generally well fitted for all the ex-
amined systems. First-shell fitting results are reported in
Table 1, which summarizes coordination number N, in-
teratomic distance R, Debye-Waller parameter o2, and
third cumulant C3 (where used) for all the three cases.
Debye-Waller factors are generally larger than bulk val-
ues, because the examined systems are more complex and
intrinsically more disordered.

EXAFS fitting results for AuCu sample indicate the
presence of Au:Cu alloy nanoclusters and Cu-Cu coordi-
nation. The formation of alloy structures was evidenced
for both the edges by the presence of a contribution of
the other metal. The interatomic distances result con-
tracted with respect to the bulk ones; this suggest that the
presence of small clusters, evidenced by TEM analysis,
is accompanied by few-atoms structures, that are known
to exhibit similar contracted interatomic distances [14].
Low coordination number is due to the cluster size and
to atoms dispersed in the silica matrix. For this sam-
ple, the third cumulant can be neglected. Figure 3 (left)
shows the bright-field TEM cross-section of the sample
AuCu: uniformly distributed spherical clusters are found
throughout the interested layer, with average diameter
D =1.440.5 nm (mean diameter with standard devia-
tion), as reported in the histogram of the size distribution
of Figure 4 (upper).

From EDS analysis, the atomic ratio [Au]/[Cu] mea-
sured for the whole sample is 0.3440.04, a value that con-
firms the higher Cu concentration as from EXAFS analysis
(see Tab. 1).

Results of fitting procedures for AuCu-h sample are
consistent with the presence of metallic copper (Rcy-cu 18

surface

Fig. 3. Bright-field TEM cross section of: (left panel) AuCu
sample, (right panel) AuCu-h sample.

similar to the bulk value [15]), together with Aug 25Cug.75
alloy nanoclusters (Vegard distance [16] Rcuw-au =
2.6495 A) and copper atoms coordinated by oxygens at
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Fig. 4. Histogram of the size distribution for: (upper panel)
AuCu sample, (middle panel) zone A of AuCu-h sample (see
Fig. 3) and (lower panel) zone B of AuCu-h sample (see Fig. 3).

a mean distance Rcu-o = 1.91 A, comparable to the CuO
bulk value of 1.947 A [15]. Low metal coordination number
from Cu K-edge analysis is due to both small cluster size
and to the presence of Cu atoms in oxide phase. Low co-
ordination number resulting from the analysis at Au Lyy-
edge is due to the cluster size and to gold atoms dispersed
in the silica matrix. Also in the analysis for this sample,
the third cumulant can be neglected. With respect to the
sample annealed at 250 °C, interatomic distances and co-
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Fig. 5. (a) High Resolution TEM image of a cluster in AuCu-h
sample; (b) EDS measurement on a cluster and on the sur-
rounding matrix.

ordination numbers increase, according with the growth of
the cluster diameter evidenced by TEM. Moreover, TEM
analysis showed the presence of two morphologically differ-
ent regions: a superficial one, (labeled A in the right panel
of Fig. 3) about 150 nm thick, exhibits larger clusters with
respect to the second one (labeled B), in which the size of
the clusters is similar to that of the AuCu sample. This can
be seen from the histograms of the size distribution for the
AuCu and AuCu-h samples reported in Figure 4: a cluster
diameter of D = 2.0 + 1.4 nm is found in region A of the
AuCu-h sample( middle panel), while in region B (lower
panel) the size is D = 1.5 + 0.5 nm, which is practically
the same as the size distribution measured in the AuCu
sample (D = 1.4 £ 0.5 nm, upper panel). From the high
resolution (HRTEM) image of a nanoparticle in the su-
perficial region (Fig. 5a) one can see the crystalline struc-
ture of the cluster resulting from the interference of the
(111) planes. EDS analysis, performed on one of these
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clusters (Fig. 5b) and on the surrounding matrix, shows
the presence of both Au and Cu in the cluster (with a
[Au]/[Cu] atomic ratio of 0.9 £ 0.1) and that in this su-
perficial layer the clusters are not surrounded by dispersed
metal atoms. This is a clear indication of the AuCu alloy
formation. The ratio [Au]/[Cu] measured by EDS for the
whole sample is 0.82 4+ 0.05, that — compared with the
value 0.32 £ 0.04 measured in the AuCu sample — sug-
gests that air annealing at 700 °C is able to promote Cu
out-diffusion from the sample, with a modification of the
local Au and Cu concentrations mostly in the surface layer
(zone A). One can further understand this point, consid-
ering that EXAFS analysis, which averages over the whole
thickness, gives a [Au]/[Cu] ratio of about 0.3, i.e., simi-
lar to that in the AuCu sample, therefore indicating that
alloy clusters in the deeper region of the AuCu-h sam-
ple were practically not affected by the annealing. This
is in agreement with references [17,18], which show that
air annealing in sequentially Au-Cu implanted or sol-gel
Au-Cu co-doped silica results in a separation of the AuCu
alloy followed by Cu migration toward the surface and ox-
idation. Indeed, at the surface of AuCu-h samples TEM
analysis showed large aggregates (see right panel of Fig. 3),
which by EDS analysis are found to contain Cu.

EXAFS fitting results for AuAg sample indicate the
presence of Au:Ag alloy nanoclusters. Since lattice pa-
rameters of metallic Au and Ag are the same within
1/100 A, diffraction techniques are not suitable to evi-
dence Au:Ag alloy, because of the peak broadening pe-
culiar of such small clusters. On the contrary, EXAFS
spectroscopy can easily distinguish the two species from
the different backscattering amplitude functions. It should
be noted that measured Rauy-au and Rag-ag are con-
tracted with respect to the corresponding bulk values by
few percents. This result, together with the low coordi-
nation numbers, attests the presence of few-atoms struc-
tures, that are known to exhibit similar contracted in-
teratomic distances [19,20]. The left panel of Figure 6
shows the bright-field TEM cross-section of the sample
AuAg: uniformly distributed spherical clusters are evi-
dent throughout the interested layer, with average diam-
eter D = 1.5+ 0.5 nm as deduced from the histogram of
the size distribution of Figure 7. From EDS measurement,
the ratio [Ag]/[Au] for the whole sample is 1.8 £ 0.3.

CuAg sample presents metallic clusters, which from
EXAFS analysis result to be composed part of both Cu
and Ag, and part of single metal structures: Rcu-ag is
intermediate between Cu and Ag metal phase. It should
be underlined that Ag:Cu alloy is not thermodynamically
predicted for bulk system [21]. Recently, silica doping by
sequential ion implantation of Cu and Ag [22] showed that
the two metallic species precipitate separately to form
pure Ag and Cu nanocrystals, indicating the crucial role
of the preparation method in giving different nanostruc-
tures. Moreover, the contraction of Cu-Cu interatomic dis-
tance [14] (see Tab. 1) with respect to the bulk value is
likely due to the formation of low dimensional systems
(e.g., polyatomic chains) as in the case of AuAg sample.
Results of fitting procedure for Ag K-edge are consistent

AuAg

Fig. 6. Bright-field TEM cross section for: (left panel) AuAg
sample and (right panel) CuAg sample.
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sample and (lower panel) CuAg sample.
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Fig. 9. Bright-field TEM cross section at higher magnification
for the samples: (left panel) AuCu, (middle panel) AuAg and
(right panel) CuAg sample.

with the presence of metallic silver clusters (Rag-ag is sim-
ilar to the bulk value [15]). Figure 6 (right panel) shows
the TEM image of the sample: a bimodal size distribu-
tion is evident, for which large clusters, 6.3 £+ 2.5 nm of
average diameter (Fig. 7b), are dispersed together with
small (about 1 nm of average diameter) ones. While EDS
analysis on the whole sample indicates a ratio [Cu]/[Ag]
of 1.3 £ 0.2, a measurement on single clusters belonging
to the population with the largest size, whose histogram
is reported in Figure 7b, reveals the presence of both sil-
ver and copper (with a strong predominance of Ag), while
a small amount of copper is present on the surrounding
matrix (Fig. 8). A comparison of the nanostructure of the
cluster in all the sample investigated is reported in the
TEM cross- sectional bright-field of Figure 9.

It must be remarked that the thermodynamics related
to the nanoaggregatation in an alloy form should be care-
fully used especially when dealing with the Cu:Ag systems,
where the bulk alloy formation does not occur. Recently,
Jesser et al. [23] studied the phase diagram dependence of

binary alloys on the nanocluster size, showing that some
physical parameters may undergo a dramatic change, for
example, the solubility may increase by a factor of ten
(case of Bi:Sn system). In general, as discussed in details
by Hagege et al. [24], the solubility of two species in the
nanocluster depends on the relative magnitudes of the in-
terface energies between the two alloy components and
the surrounding matrix. This means that the dimension
of a particle plays a fundamental role in the definition
of its thermodynamic behavior in terms of the possible
structures. Indeed, the formation of either core-shell struc-
tures or bimetal spheres with a planar interface between
the two constituents gives rise to a different energy bal-
ance, depending on the interface/volume ratio for both
metal/metal and metal/matrix couples. The calculation
for the alloy formation must therefore take into account
all these situations depending on the particle size. In the
case discussed in this work, the cluster size distribution
is not sufficiently narrow to allow a reliable estimation.
Moreover, EXAFS results evidence the presence of dif-
ferent phases in the same sample region, preventing the
effectiveness of thermodynamic considerations for the ex-
amined systems. Work is progress to refine the preparation
methodology with the aim to obtain narrow size distribu-
tions for the nanoaggregates.

4 Conclusions

In conclusion, rf-sputtering deposition technique has
demonstrated to be suitable for the preparation of bi-
nary metal nanoclusters in silica matrix. The experimen-
tal results indicate that a variety of different structures
can form, depending on the used elements as well as on
the treatment parameters. In particular, the possible for-
mation of thermodynamically unfavourable mixtures has
been evidenced by EXAFS analyses in the case of CuAg
systems. Study is in progress to investigate how the ob-
served cluster size, size distribution and composition are
determined mainly by the local dopants concentration,
and how — on the other hand — the preparation route could
play an effective role in giving a particular structure.
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